Abstract -Visceral leishmaniasis is the most important zoonosis in Europe and it is caused by Leishmania infantum, a protozoan intracellular parasite. Canine visceral leishmaniasis (CVL) is endemic in the Mediterranean basin, Middle East, and South America, and is emerging within non endemic areas such as the United Kingdom and North America. We have analyzed 24 polymorphisms in the canine Slc11a1 (formerly NRAMP1) gene: 19 new polymorphisms characterized by direct sequencing from 40 dogs of different breeds and five polymorphisms previously described. Data analysis in a case-control study including 164 dogs of 19 different breeds revealed that two of the 24 polymorphisms were associated with increased risk for CVL: one intronic single nucleotide polymorphism (SNP) (A4549G in intron 6: odds ratio (OR) = 6.78, P = 0.001) and one silent SNP in exon 8 (C4859T: OR = 13.44, P = 0.004). In silico analysis of the significant SNP revealed that SNP in the promoter region affect putative transcription binding sites and SNP C4859T in exon 8 disrupts a putative exonic splicing enhancer (ESE). These results corroborate that Slc11a1 polymorphisms are associated with increased risk for CVL. leishmaniasis / Slc11a1 / polymorphism / dog / susceptibility
INTRODUCTION
Infection is one of the leading causes of human mortality and morbidity particularly in children and in third world countries (World Health Organization). Infections with HIV, Mycobacteria, Malaria, and Leishmania have been most commonly studied [4] . Leishmania is a protozoan intracellular parasite and transmitted by sandflies. The domestic dog is also susceptible to Leishmania infection, which results in great morbidity and mortality among dogs and is considered the main peridomestic reservoir of the parasite.
Genetic factors involved in the resistance/ susceptibility of the host to CVL have been suspected, and significant correlations between major histocompatibility complex (MHC) class II and/or Slc11a1 genes (solute carrier family 11a member 1; formerly NRAMP1) and CVL have been reported [1, 19, 23] . In a cohort of Brazilian mongrel dogs naturally exposed to L. infantum the MHC class II allele DLA-DRB1*01502 increased the risk of being parasite infected compared with dogs lacking this allele [19] .
The Slc11a1 gene acts as a proton/divalent cation antiporter, which controls the replication of intracellular parasites by altering the intravacuolar environment of the microbecontaining phagosome [13] . Polymorphisms in the Slc11a1 gene have been associated with CVL in a case-control study with 97 dogs of different breeds [23] : three single nucleotide polymorphisms (SNP) in the Slc11a1 promoter region (T151C, A180G, G318A) were associated with increased risk for CVL in different breeds, and one haplotype was significantly associated with the Boxer breed, which may suggest varied predispositions to infectious disease among canine breeds. In fact, genetic epidemiologic surveys in dogs revealed higher prevalence of Leishmania infection (up to 25%) in Boxers, German Shepherds, Doberman Pinschers, Cocker Spaniels, and among American and English Foxhounds (held in foxpacks in North America) [8, 11, 12, 23] . Conversely, certain canine breeds may be resistant to Leishmania infection and CVL such as the Mediterranean Ibizan Hound, an autochthonous breed from the Balearic Island of Ibiza [28] .
Similarly varied susceptibility to Leishmania infection has been described between ethnic human populations [9] . Different studies showed significant associations for a 5'(CA) repeat polymorphism in the human Slc11a1 promoter and visceral leishmaniasis [3, 9] . This polymorphism in the promoter affects Slc11a1 expression and correlates with infectious as well as autoimmune disease susceptibility [25, 35] . The association between Slc11a1 with leishmaniasis was corroborated in a Sudanese population study, where two new polymorphisms, one located in exon 3 (274C/T) and another one located in intron 4 (469 + 14G/C) were found [2, 17] . Beyond the Slc11a1 polymorphism interactions with multiple other genes and candidate regions, such as MHC, IL-4, IFNGR or loci 22q12 and 2q23-24 have been implicated [4, 9] . Studies with canine and murine disease models are necessary to further advance our knowledge of the molecular basis of Leishmania infection and disease predisposition or resistance. Such studies could help humans and dogs alike who are experiencing a high degree of morbidity and mortality from leishmaniasis.
Our aim was to corroborate the association of Slc11a1 gene with CVL by fully characterising sequence variation and typing it in an extended case-control cohort. A total of 24 polymorphisms of the Slc11a1 gene have been typed in 164 dogs from 19 different breeds: 19 new polymorphisms that have been discovered by direct sequencing of 40 dogs from 11 different breeds and 5 polymorphisms previously described [23] . Polymorphism has been also analyzed in a cohort of 58 Ibizan Hounds, a breed described as resistant to CVL [28] .
MATERIALS AND METHODS

Animal cohort and DNA extraction
The case-control study included 164 dogs from 19 different breeds (Tab. I). All dogs were living in Spain with the exception of 12 Foxhounds from south-eastern Pennsylvania, USA. The case animals are 65 dogs that have developed clinically severe disease in which Leishmania is identified concomitantly by positive Leishmania polymerase chain reaction (PCR) and positive anti-Leishmania antibody titre. Ninety-nine healthy dogs from the same breeds and geographical regions were selected to match the case animals. The control dogs have been selected among individuals older than five years presented to veterinary hospitals for regular health checks, which have never shown signs of CVL, but would have been exposed to Leishmania organisms (endemic area). We also further examined a cohort of 58 Ibizan Hound dogs, an autochthonous breed from the Balearic Island of Ibiza (Spain) which has been described as a resistant breed to leishmaniasis [28] . DNA was obtained from 0.1 mL of bone marrow aspirate or 0.5 mL of peripheral whole blood as previously described [22] . Briefly, samples were washed in buffer Tris 10 mM pH 8.0, EDTA 1 mM to disrupt the erythrocyte membrane until the leukocyte pellet was white. Leukocytes were then lysed by incubation of the pellet in 0.1 mL of lysis buffer (50 mM KCl, 10 mM Tris pH 8.0, 0.5% Tween-20 and 23 g of proteinase K) at 56
• C for 5 h. Following proteinase K inactivation (90
• C for 10 min) DNA samples were diluted in milli-Q water (1/10 for bone marrow aspirate and 1/5 for blood), and 2 L were used for the PCR.
Amplification conditions
The canine Slc11a1 gene was PCR amplified in nine different fragments, encompassing the promoter region, the 5' and 3' untranslated region (UTR), the 15 exons, and partially the introns. PCR primers were designed with Primer Express software v 2.0 (Applied-Biosystems, Foster City, CA, USA). The PCR conditions (two different enzymes and commercial kits) and the thermocycling profiles used are shown in Table II . For the GC-rich PCR amplification system (Roche, Basel, Switzerland), the PCR was performed in a final volume of 25 L containing 10-20 ng of genomic DNA, 1.5 mM MgCl 2 , 200 M of each dNTP, primer concentration shown in Table II , 0.5 M GC rich resolution solution, and 2 U of Taq and Tgo DNA polymerase mix. Thermal cycling profile was 95
• C for 3 min followed by 35/40 cycles at 94
• C for 45 s, 55/56
• C for 45 s, 72
• C for 1 min with a final extension at 72
• C for 10 min. The PCR with EcoTaq polymerase (Ecogen, Barcelona, Spain) was carried out in a final volume of 20 L containing 10-20 ng of genomic DNA, 1.5 mM MgCl 2 , 200 M of each dNTP, primer concentration shown in Table II and 1 U of Taq polymerase. The thermal cycling profile was 95
• C for 3 min followed by 35 cycles at 94
• C for 45 s, 63
• C for 10 min. All amplifications were performed in a PTC-200 MJ Research (Bio-Rad Laboratories, Hercules, CA, USA). 
SNP characterization
Characterization of polymorphism has been accomplished by direct sequencing of 7 110 bp from the Slc11a1 gene in 40 dogs from 11 different breeds (Tab. I). The gene partial sequence comprises the promoter region, the 5' and 3' UTRs, the 15 exons and all the intron-exon boundaries. Sequence was completed for introns 1, 3, 5, 6, 7, 12 and 14, and only partially completed for the remaining introns. The PCR products were purified and sequenced with the same PCR primers using Ready Reaction Cycle Sequencing Kit ABI PRISM Big-Dye Terminator v3.1 and dGTP Terminator v3.0 for the promoter region in an ABI 3730 DNA Analyzer (Applied-Biosystems). All the SNP were named in relation to the published canine Slc11a1 gene sequence (9 490 bp, GenBank, Accession number AF091049) [1] , in which the translational start codon is located at position 689 of the sequence.
Polymorphism analyses
Polymorphism analyses previously described in the promoter region [23] were accomplished by direct sequencing of a 539 bp PCR product (PR, Tab. II) after purification with Montage Seq96 Sequencing Reaction Cleanup Kit (Millipore, Billerica, MA, USA). Intron 1 microsatellite ( sat1253) [23] and intron 3 indel (In2724del) (Tab. II) were analyzed by capillary electrophoresis (ABI 3730 DNA Analyzer). Labeled PCR products were automatically sized relative to the internal standard CST ROX 70-500 (BioVentures, Murfreesboro, TN, USA) with the Genemapper Software v.3.5 (Applied-Biosystems). Other exonic and intronic SNP were identified by primer extension using SNapShot kit in a GeneAmp 9700 Thermal Cycler and by capillary electrophoresis using the internal standard GeneScan-Liz-120TM with the Genemapper Software v.3.7 (AppliedBiosystems).
Statistical analysis
Data analyses for bi-and multiallelic polymorphisms were performed with SNPator (http:// www.snpator.org/public/principal/index.php) and GENEPOP genetics software package (Laboratoire de Génétique et Environnement, Montpellier, France), respectively [20] . The association study applied contingency tables assuming different genetic models: (i) general, (ii) recessive, (iii) codominant and (iv) dominant. Haplotypes from our population data were inferred with PHASE v 2.1 program (University of Washington, Seattle, WA, USA) [30, 31] , and the five most frequent haplotypes were confirmed by trio-family based analysis in Boxer, Doberman Pinscher, German Shepherd, Rottweiler and Teckel breeds. Association analyses were performed in the extended case-control cohort (data not shown) and in a reduced, fully matched cohort (47 cases versus 47 controls in a 1:1 ratio), chosen at random from the available dogs, to confirm the significant associations.
Statistical differences between case and control group were initially tested for significance by chi-square analysis or Fisher exact test with the Haldane correction. After producing a fully matched dataset, data were analysed by means of a matched case-control test making use of logistic regressions [16] . The risk factor in case vs control computing odds ratios (OR) with 95% confidence interval was evaluated. A p-value < 0.05 was regarded as statistically significant. Significance levels or patterns did not differ between analysis (Tab. A, supplemental data available online at www.vetres.org), thus confirming the validity of the reported associations.
Identification of transcription factor binding sites and exon/intron splicing signals
For the analysis of DNA sequences of known eukaryotic signals we used SIGNAL SCAN Genetic Sequence Analysis Software (National University of Singapore, Singapore) [33] . To identify putative exonic (ESE) and intronic (ISE) splicing enhancers the web-based resources called ESEfinder release 3.0 and ACESCAN2 (ACESCAN2 Web Server, http://genes.mit.edu/acescan2/index.html) were applied, respectively [6, 27] . 
Association study with CVL
Results of genotypic association tests for the biallelic polymorphisms analyzed in the canine Slc11a1 gene significantly associated with CVL are described in Table III . Since Hardy-Weinberg equilibrium does not hold in our case-control cohort, only genotypic associations are presented to avoid bias in allelic associations. Genotype distribution for the polymorphisms significantly associated with CVL is shown in Table IV for the case-control cohort and for the Ibizan Hound cohort. Allele frequencies distribution for the most representative breeds is shown in Table V .
The significant genotypic association between promoter SNP and CVL is corroborated in the extended cohort for two (A180G: OR = 11.63, P = 0.039; G318A: OR = 11.63, P = 0.039) of the three SNP, although they have not been identified in new dogs. These SNP had been identified in German Shorthair Pointer, Doberman Pinscher, Rottweiler and German Shepherd. Risk allele G in SNP A180G disrupts one potential SOX9 binding site (CATCAATGC) and risk allele A in SNP G318A interferes with four different potential binding sites for transcription factors: one SPI1 (CGGATG); one SP1 (GTGGGGCGGA; involved in the regulation of mRNA synthesis); one GATA2 (GGATG; which is an endothelial transcription factor); and one RREB1 (C 5 ATCCGC 4 ACACAA; which acts as RASresponsive element-binding protein). These significant associations are lost in the reduced fully matched cohort.
Among the 19 new polymorphisms identified we discovered significant genotypic associations with CVL for three SNP: C4859T in exon 8 (OR = 13.44; P = 0.004), A4549G in intron 6 (OR = 6.78; P = 0.001) and C8542T in intron 13 (P = 0.018). The significance is maintained assuming different genetic models for the SNP C4859T and A4549G but significance for the SNP C8542T is marginal and only obtained in one model (Tab. III).
For the case-control population 22 haplotypes were inferred with PHASE. Significant differences in haplotype frequency between cases and controls have been observed in an overall test (P = 0.01). The five most frequent haplotypes, confirmed by trio-family based analysis, were included in the association study (Tab. VI). Only one Slc11a1 haplotype (D), which included the risk alleles for the SNP A4549G (intron 6) and C4859T (exon 8) was significantly associated with CVL (OR = 8.81; P = 0.01) and was identified in Miniature and Standard Schnauzers as well as in Siberian Huskies. Six haplotypes for the Ibizan Hound cohort, inferred with PHASE since no genealogy information was available, seemed to be specific for this breed (Tab. VI).
DISCUSSION
In humans, several studies have demonstrated that Slc11a1 is associated with susceptibility to visceral leishmaniasis, and that a functional polymorphism in the promoter correlated with infectious and autoimmune disease susceptibility [2, 3, 9, 17, 25, 35] . Although associations had also been described in the dog between this gene and canine visceral leishmaniasis (CVL) [1, 19, 23] , the current study further characterized the canine Slc11a1 gene and attempted to determine the genetic susceptibility to Leishmania infection among dogs and the risk for CVL. Sequencing the canine Slc11a1 gene, we identified 19 new polymorphisms among 40 dogs from 11 different breeds and we analyzed them in 164 dogs from 19 different breeds in a case-control study and a cohort of 58 Ibizan Hounds, a breed that has been described as resistant to CVL [28] . Data analysis revealed that three of the 24 polymorphisms found in the Slc11a1 gene were associated with increased risk for CVL.
Two single nucleotide polymorphisms (SNP) (A180G and G318A) in the Slc11a1 promoter region were found to be significantly associated with increased risk for CVL in the extended case-control population, as was previously described [23] (Tab. III). These SNP involve putative transcription binding sites that are disrupted by the risk-alleles (SOX9 for A180G; SPI1, SP1, GATA2 and RREB1 for G318A). In humans, a polymorphism in the promoter of Slc11a1 encodes a Z-DNA forming dinucleotide repeat with four alleles, which differ in their ability to drive gene expression, and thus some alleles have been associated with resistance/susceptibility to infectious and autoimmune diseases [25] . The fact that the two SNP in the canine Slc11a1 gene promoter disrupted putative transcription factor binding sites suggests a possible role of differential Slc11a1 gene expression in CVL susceptibility.
Regarding the new 19 SNP described in the exonic and intronic regions of the canine Table V . Allele frequencies distribution for the most representative breeds of the Slc11a1 gene SNP significantly associated to CVL from the extended case-control cohort; (cs) case; (ct) control dogs. Breeds with N < 4 were omitted. Slc11a1 gene, we found significant association with CVL for three of them: A4549G (intron 6), C4859T (exon 8) and C8542T (intron 13) (Tab. III). Moreover, one haplotype that was significantly associated with CVL was haplotype (D), which included the risk alleles for the SNP A4549G and C4859T mentioned above (Tab. VI). Despite affecting non-coding region, intronic SNP could be linked to the causal mutation or have functional effects by themselves. In fact, a human family-based allelic association test revealed that intron 4 469 + 14G/C polymorphism in the human Slc11a1 gene is associated with increased susceptibility to leishmaniasis, probably due to a linkage disequilibrium between this polymorphism and an additional SNP upstream in the promoter [17] . Furthermore, intronic regulatory elements, such as intronic splicing enhancers/silencers (ISE/ISS) [32] , are involved in the pre-mRNA splicing and, therefore, affect the mature mRNA and consequently the protein product. The polymorphism found in the exon 8 (C4859T) represents a synonymous mutation that changes the codon CCC (Pro) to CCT (Pro). Synonymous SNP do not alter the coding sequence, and, therefore, they are not expected to change the function of the resulting protein. However, the protein folding could be affected due to changes in the translation rate caused by the use of a rare codon [15] , and this effect is larger if the change involves the third base in a codon as is the case here [34] . Corroborating data for this hypothesis is that a silent mutation in a complex mammalian membrane transport protein alters the substrate specificity [6] . It should be noted that the SNP in exon 8 (C4859T) is not located in a predicted transmembrane segment (TMS), but the residue encoded by the triplet that contains the SNP could affect cation transport and thereby divalent metal ions uptake [7] .
Moreover, there is increasing evidence that many genes causing human disease harbour exonic mutations, without altering the amino acid sequence, but affecting pre-mRNA splicing [5] . These exonic polymorphisms, identified as splicing mutations, are located close to the exon-intron boundaries and can act as enhancers or silencers elements. The inactivation of an exonic splicing enhancer (ESE) can result in a partial or complete exon skipping, and can thereby markedly affect the structure or amount of the expressed protein product [5] . The risk allele in the exon 8 (C4859T) disrupts a putative ESE that is recognized by the serine/arginine-rich (SR) protein SF2/ASF (IgM-BRCA1) [27] . Functional analyses at cDNA level would be necessary to confirm the effect of these exonic/intronic splicing regulatory elements in the canine Slc11a1 gene. In fact, alternative splicing with a complete exon 11 skipping thereby resulting in elimination of TM8 has been described in the Slc11a1 gene of a dog affected with relapsing CVL [1] .
The Ibizan Hound breed has been reported to be resistant to CVL due to its strong cellular response to the infection [28] . In the Ibizan Hound cohort no dog has been affected with CVL, and, interestingly, six Slc11a1 haplotypes appear to be specific to this breed. The high number of haplotypes found in this autochtonous breed on an island is surprising, considering the expected high rate of inbreeding. Similarly in a recent survey of 937 dogs from 80 different breeds a high number of haplotypes for the MHC class II genes were found in Ibizan Hound, albeit two appear to be unique in this breed [14] . The genetic resistance against CVL in the Ibizan Hound may be shared with other breeds supposed to be resistant to CVL, such as the Pharaoh dog (Ferrer L., personal communication).
In conclusion, our data show that the new polymorphisms found in intron 6 (A4549G), exon 8 (C4859T) and intron 13 (C8542T) and a certain haplotype that included the risk alleles for two of them are associated with increased risk for CVL. This genetic component is likely to be caused by the expression and function of Slc11a1 and its interaction with multiple other genes.
